Two-dimensional electron gas (2DEG) property is crucial for the performance of GaN-based high electron mobility transistors (HEMTs). The 2DEG-related concentration and mobility can be improved as device's performance booster. Electrical characteristics of AlGaN/AlN/GaN HEMT are numerically simulated and compared with conventional AlGaN/GaN HEMT. The main findings of this study indicate that 2DEG's concentration level is increased when a spacer layer of AlN in the interface of AlGaN/AlN/GaN is inserted owing to large conduction band off set, high polarization field, and high barrier. Notably, when a thin spacer layer of AlN is introduced, the 2DEG's distribution virtually shifts away from the interface which reduces the interface scattering. The scattering appearing in conventional AlGaN/GaN HEMT includes alloy and interface roughness scatterings. They are reduced in AlGaN/AlN/GaN HEMT due to binary nature of AlN material. A critical thickness of spacer layer for mobility is 0.5 nm and the maximum drain current and transconductance (G m ) are at 1.5 and 1.2 nm thickness of AlN spacer layer. Increasing thickness of AlN spacer layer deteriorates the ohmic resistance of source/drain contact and hence degrades the performance of device beyond 1.5-nm-thick AlN spacer layer.
Introduction
GaN-based high electron mobility transistors (HEMTs) have attracted a great deal of attention for high-frequency and high-power microwave applications because nitride-based material systems have desirable fundamental physical properties, such as a large band gap (3.4 eV), high breakdown field (about 3 © 10 6 V/cm) and strong spontaneous and piezoelectric polarization fields. A unique feature of GaN-based HEMTs is high sheet carrier concentration (1 © 10 13 cm ¹2 ), which is achieved in the channel not only due to large band gap discontinuty 1) at interface but also due to piezoelectric and spontaneous polarization effect without intentionally doping barrier layer. [2] [3] [4] Because of these advantageous material properties, GaN and its related alloys have been used in a variety of light-emitting devices and electron devices on a commercial basis. Nevertheless, more technological innovations are needed to realize high-efficiency, highly reliable and low-cost devices. High power density is one of key parameters for diverse power devices. In order to increase the power density, the product of electron concentration and electron mobility should be maximized. 5, 6) To improve device's performance, various barrier and channel alternatives have been studied in nitride-based HEMTs. 7, 8) Carrier's concentration level can be increased by increasing Al mole fraction and AlGaN barrier layer thickness. 9, 10) However, when the Al content of AlGaN layer increases, surface quality of AlGaN layer is degraded and then reduces the two-dimentional electron gas (2DEG) mobility. 9, 11) The existence of the different scatterings, such as acoustic and optical phonons scattering, 12, 13) ionized impurity scattering, interface roughness scattering, 14) dislocation scattering, and alloy disorder scattering [15] [16] [17] [18] play major role to limit the mobility of 2DEG in conventional AlGaN/GaN HEMT. These scatterings are unique to GaN-based HEMTs due to large dislocation density and strong polarization effects.
An additional thin AlN spacer between AlGaN and GaN may improve the 2DEG concentration 1) and the mobility at low temperatures. 18) It is found that, the carriers' mobility in AlGaN/AlN/GaN HEMTs is comparatively higher than that of the conventional device without AlN spacer layer. 18, 19) A thin AlN spacer layer in AlGaN/GaN interface causes the reduction of alloy scattering which plays a dominant factor in the carriers' mobility. Another effect of AlN spacer layer insertion is the reduction in the forward Schottky gate current, which makes it possible to apply a high gate voltage in the transistor operation.
20) The drain current of AlGaN/ AlN/GaN HEMTs is better than that of conventional AlGaN/ GaN HEMTs. [21] [22] [23] Therefore, the AlN spacer layer is one of the fascinating ways to achieve high speed, high power switching device with low specific on resistance. Additionally, the thickness of AlN is important for the mobility. 19) When the thickness is changed, the polarization field and the conduction band offset are changed which also affects the 2DEG-related concentration and mobility. Therefore, to know the potential thickness of spacer layer for high power device and to know the real cause of reduction of mobility at higher spacer layer thickness will be interesting studies.
In this study, the effect of AlN spacer layer thickness on electrical characteristic in AlGaN/AlN/GaN HEMT is numerically studied. The most potential spacer layer thickness for power device is discussed. In addition, effect of the AlN layer thickness on interface roughness scattering will be highlighted. This paper is organized as follows. In Sect. 2, we introduce the device structure and simulation settings used for studying the effect of AlN spacer layer thickness on AlGaN/AlN/GaN HEMT. In Sect. 3, we report our result and examine the transport property as determined by the thickness of AlN spacer layer. Finally, we draw our conclusions and suggest future works in Sect. 4.
Simulation methodology
The epitaxial layer grown step and fabrication step is shown in Figs. 1(a)-1(f ) . The physical device studied in this paper is grown on sapphire substrates by using metal organic chemical vapor deposition system at different temperatures.
Entire growth process is conducted by using ammonia (NH 3 ), trimethylgallium (TMGa), trimethylaluminum (TMAl) as precursors and hydrogen as carrier gas. Following an AlN nucleation layer, a 2-µm-thick undoped GaN buffer is grown. A thin AlN spacer layer of varying thickness (0-2 nm) and a 25-nm-thick undoped AlGaN barrier layer are grown on top. The entire epitaxial layer is grown at high temperature. The Al mole fraction determined by using X-ray diffraction is around 30%. Figure 2 shows a scanning electron microscope (SEM) image of cross section of the fabricated AlGaN/AlN/ GaN HEMT structure.
The simulated device structures of AlGaN/GaN HEMT with and without the AlN spacer layer are shown in Figs. 3(a) and 3(b) , where the parameters of simulated devices are tabulated in Table I . Figure 3(a) is the device is the conventional structure without the spacer layer and Fig. 3(b) with the AlN spacer layer and both structures use the same device parameters except the thickness of AlN spacer layer. As shown in Fig. 3(b) , the thickness of AlN spacer layer varies from 0 to 2 nm while keeping the total thickness of AlN and AlGaN layers at 25 nm. Notably, an insertion of thin AlN layer between AlGaN and GaN can enhance the confinement of 2DEG. Therefore, improvement of electron transport characteristic could be estimated. The spacer layer affects the transport carrier which is related to 2DEG's concentration and mobility. The band gaps of the relevant binary compounds are computed, by Eqs. (1) and (2), as a function of temperature T:
The band gap of ternary compound depends on composition fraction x is given by
Polarization is one of key mechanisms in controlling the formation of the 2DEG at the AlGaN/GaN interface. P PZ of Eq. (4) is piezoelectric polarization which is related to strain tensor:
where E 31 and E 33 are piezoelectric constants, and C 13 and C 33 are elastic constants. When an Al x Ga 1¹x N grown on GaN, the piezoelectric polarization is expressed as
In addition to strain induced polarization, cations and anions are spontaneously displaced with respect to each other, producing spontaneous polarization. Then total polarization is given by
The Schottky barrier height estimated is 1.4 V. A 2D quantum mechanically corrected device simulation is performed, where the quantum mechanical correction is considered with a density-gradient approach. Performance of device mainly depends on the carriers' mobility which is affected by various types of scattering mechanism; such as, the phonon scattering (at room temperature), the alloy disorder scattering (potential disorder from ternary alloy, at low and room temperatures), the surface roughness scattering (at low temperature), the ionized impurities scattering, the dislocation scattering, and the dipole scattering. Among these scattering mechanisms, the alloy disorder scattering is the limiting factor 14) at low and room temperatures when the carrier's concentration is high. Binary nature of AlN makes comparatively low alloy disorder scattering. Notably, the increase in the quantum well depth and barrier directly provide even better confinement of electron concentration, and hence reduce other scatterings. Therefore, in our device simulation, the electron mobility model considers two parts; one is the low field mobility model and the other is the nitride specific high field dependent mobility model. The first low field mobility model consists of the interface roughness scattering and alloy scattering. The expression for the interface roughness scattering is given by 24)
where Â ¼ h " ! LO =k B is related to the phonon scattering resulting from the scattering of interface roughness,
is ionized donor concentration, T (K) is absolute temperature. Notably, the interface roughness scattering is one of the most important factors to determine the longitudinal optical phonons; in particular, for binary compound quantum wells where the contribution from the alloy scattering is absent. 25, 26) The expression for the alloy scattering, is given by
where min and max are the minimum and maximum mobility for the materials. Therefore, the nitride specific high field dependent mobility model is 27) ðEÞ 
Results and discussion
Simulation study of electron transport and DC characteristic of the purposed AlGaN/AlN/GaN HEMT is performed in this section. We compare the results with that of conventional AlGaN/GaN HEMT to show the advantage of the spacer layer of AlN in the interface of the AlGaN/AlN/GaN of the explored device. In Sect. 3.1, we show and discuss the physical characteristic of the device. In Sect. 3.2, we report the electrical characteristics including the transport current and the transconductance. Figure 4 illustrates the patterns of conduction band profile of the proposed AlGaN/AlN/GaN HEMT and the conventional AlGaN/GaN device. A thin AlN spacer layer in the heterointerface of AlGaN/GaN produces large effective conduction band offset because of the potential drops across the spacer layer due to large piezoelectric and spontaneous polarization field.
Physical characteristic
32) The increase in the conduction band offset when using the thin AlN spacer layer inside the structure of AlGaN/GaN is explained by
where ÁE 10) Effect of the thickness of AlN spacer layer on the conduction band offset was analyzed by means of device simulation and results are plotted as shown in Fig. 5(a) . The conduction band offset becomes large when the thickness of AlN spacer layer increases. Numerically calculated values of the quantum well depth with respect to the thickness of AlN spacer layer is tabulated in Table IV. Figure 5(b) shows the quantum well depth for the device with respect to different thickness of AlN Table II . The adopted parameters in Eqs. (7) and (8) . 24, 27) Â 1065 spacer layer. The results show that 2DEG's depth has 50% increases when the AlN spacr layer is 1.5 nm thick in the AlGaN/AlN/GaN HEMT. 2DEG, created at the hetero-interface on growing high band gap material Al 0.3 Ga 0.7 N on comparatively small band gap material GaN, is crucial mechanism to confine electrons in quantum well which leads to high electron concentration and high mobility. It is found that large polarization fields in the AlN barrier layer in the AlN/GaN heterostructure results in high values of the 2DEG sheet density. The 2DEG's concentration in the AlGaN/AlN/GaN structure is given by 10 )
where · AlGaN is the polarization charge at AlGaN surface, ¤ s is the depth of the Fermi level at the AlGaN surface with respect to its conduction band edge; ¾ AlGaN and d AlGaN are the dielectric constant and the thickness of AlGaN, respectively. High level of 2DEG's concentration is owing to the large conduction band offset and reduced wave propagation into the AlGaN layer 33) caused by large band gap of the inserted AlN spacer layer. Device simulation results listed in Table IV and plotted in Fig. 6(a) show dependency of the conduction band offset on the thickness of AlN spacer layer improves the level of 2DEG's concentration. As shown in Fig. 6(a) , the level of 2DEG's concentration increases with respect to the thickness of the AlN spacer layer. The level of 2DEG's concentration is improved by 63% when the thickness of the AlN spacer layer is 1.5 nm thick in the AlGaN/AlN/GaN interface. The electron concentration distribution for the device with respect to different thickness of the AlN spacer layer at V g = 0 V, plotted in Fig. 6(b) , shows the 2DEG distribution. Using the simulated data of electron density, the averaged position of 2DEG's distribution is further calculated by
where n is the 2DEG's concentration and x is respective position. concentration shift away from the interface on inserting AlN spacer layer, which indicates that the interface scattering is reduced. It has been known that the interface roughness is the main scattering mechanism when the level of 2DEG's concentration closes to the hetero-interface with the increase of the level of 2DEG's concentration. 34) As summarized in Table V , the average position of 2DEG's distribution shift away from interface attains on inserting thin AlN spacer layer in AlGaN/GaN interface which implies that the low interface roughness scattering on the AlGaN/AlN/GaN HEMTs in comparison with the conventional HEMTs. For the first time, the averaged position of 2DEG's distribution with respect to different thickness of the AlN spacer layer is calculated. Distance of averaged position of 2DEG's distribution attains its maximum when AlN thickness is 0.5 nm. Beyond this thickness, sufficiently high electron concentration leads the 2DEG position back toward the interface. Notably, the interface scattering reaches the minimum when the thickness of the AlN spacer layer is 0.5 nm thick and increase again on further increase the thickness. Therefore, mobility increase on increasing the AlN thickness, become maximum at the critical thickness and decrease beyond this thickness. The device simulation result depending on the electron mobility is affected by the thickness of the AlN spacer layer, as shown in Fig. 8 . Simulation result shows that the 2DEG's mobility increases when the thickness increases from 0 to 0.5 nm. Our result shows that the mobility is increased by 12% when the 0.5-nm-thick AlN spacer layer is introduced in the AlGaN/GaN heterointerface. Low interface roughness and low alloy scattering mechanism increase the mobility. However, high carrier concentration at a thicker AlN spacer layer leads to moving 2DEG distribution toward the interface. It results in increase of the interface roughness scattering and coulomb scattering in 2DEG. Consequently, the mobility is decreased beyond 0.5-nm-thick AlN space layer. 
DC characteristics
Note that the AlGaN/AlN/GaN HEMTs show better DC characteristic in comparison with the conventional AlGaN/ GaN devices 21, 35) owing to excellent 2DEG property appearing in the AlGaN/AlN/GaN structures. Figure 9 shows that the simulated I ds -V ds curves for the AlGaN/ AlN/GaN HEMT varing with the thickess of the AlN spacer layer at zero gate bias. We know that drain current is the result of the combined effect of mobility and electron concentration. Result shows that the drain current increases up to 0.5 nm spacer layer thickness due to increase of both electron concentration and mobility with spacer layer thickness. On increasing the spacer layer thickness from 0.5 to 1.5 nm, the drain current enhances due to the carrier concentration. Beyond the thickness of 1.5 nm, the drain current is lowered owing to decrease in the carrier's mobility. Our result shows that the drain current increases by 32% on using 1.5-nm-thick AlN spacer layer. Correspondingly, Fig. 10(a) shows the distribution of the transconductance with respect to the gate voltage. Figure 10(b) is the variation of the maximum transconductance with respect to the thickness of the AlN spacer layer. Figure 10(b) shows that the transconductance increases on the insertion of the AlN spacer layer in the AlGaN/ GaN interface; it increases with the thickness is increased to 1.2 nm thickness of the AlN spacer layer. It slightly decreases from 1.2 to 1.5 nm thickness of the AlN spacer layer and rapidly decreases beyond this thickness. The maximal transconductance of 195 mS/mm is observed at the 1.2-nm-thick AlN space layer which is 15% increase, compared with the conventional the AlGaN/GaN HEMT. Beyond the 1.5-nm-thick AlN spacer layer, there is sizeable degradation of ohmic contact resistance because an AlN spacer layer with an extremely wide band gap decreases the contact resistance significantly. 20) The extremely high ohmic resistance in drain and source contacts degrade the device performance.
Conclusions
For the GaN HEMT with AlN spacer layer, the engineering findings of this study indicate that the 2DEG transport properties and DC characteristic of the AlGaN/AlN/GaN HEMTs are strongly affected by the thickness of the AlN spacer layer. The electron concentration significantly increases on the insertion of AlN spacer layer and is dependent on the thickness of the AlN spacer layer. The level of 2DEG's concentration is virtually moved away from the interface on inserting the AlN space layer. Distance between the 2DEG concentration and the interface attains its maximum at 0.5-nm-thick AlN space layer. This exhibits that the lowest interface scattering is observed at 0.5-nmthick AlN space layer. The carrier mobility increases as the thickness of the AlN spacer layer and reaches its maximum at the thickness of 0.5 nm and decreases on further increase of thickness. Furthermore, drain current increases with the thickness is increased to 1.5 nm. Beyond this thickness, the drain current decreases owing to decrease in mobility. As the thickness of the AlN spacer layer is thicker than a critical thickness, the source and drain ohmic contacts are degraded and the drain current decreases. The maximum transconductance is observed at 1.2-nm-thick AlN spacer layer. High ohmic resistance makes lower transconductance beyond 1.5-nm-thick AlN space layer and finally degrades the device performance. Notably, 1.5-nm-thick AlN spacer layer can be used for high speed, high power switching device. 
